Introduction
Wheat is one of the most important crops worldwide. It is affected by stress like most other crops. Salinity, as one of the major abiotic stresses, affects almost every aspect of plant physiology and biochemistry and can cause osmotic stress, ion toxicity, nutrient imbalance, membrane damage, water deficiency, altered growth regulators levels, inhibition in enzymes, oxidative stress, and metabolic dysfunction and finally leads to plant death programming (Parida and Das, 2005; Nemat Alla et al., 2014b; Badran et al., 2015; Kong et al., 2017) . Na + competes with K + for binding sites essential for cellular functions, and the ratio of K + /Na + is more important for many species than simply maintaining the concentration of Na + . Salt stress might also lead to disturbances in carbohydrate and nitrogen metabolism with formation of proline, which protects plants from osmotic stress and reactive oxygen species (ROS) (Parida and Das, 2005; Badran et al., 2015; Nemat Alla et al., 2016) . Phenolic compounds possess antioxidant properties and have roles in protection against stress through chelating transition metal ions, stabilizing and delocalizing the unpaired electrons, and also having high reactivity as electron or hydrogen donors (Arora et al., 2000) .
The tolerance of plants to salinity can be explained by effectors of stress adaptation that mediate ion homeostasis, biosynthesis of osmolytes, scavenging of ROS, and gene expression (Khedr et al., 2011; Hasegawa, 2013; Hassan et al., 2015) . Alternative oxidase (AOX) is involved in the antioxidant defense mechanism and plays the role of a survival protein due to its ability to maintain mitochondrial function (Badran et al., 2015) . Sodium hydrogen antiporter (NHX1) has functional activity in the improvement of salt tolerance (Brini et al., 2005) . Salt Overly Sensitive (SOS1) has a vital role in oxidative stress response; it is involved in sodium homeostasis in plants by extruding sodium from cytoplasm coupled by the influx of H + (Shi et al., 2003; Feki et al., 2017) .
The exogenous protectants are effective in alleviating the damage induced by salinity (Nounjan et al., 2012; Badran et al., 2015; Hassan et al., 2015) . Plant species possess endogenous mechanisms to cope with stressinduced adverse effects; however, these mechanisms are often not enough (Shahbaz et al., 2017) . Therefore, an exogenous supporter such as trehalose is required to support such mechanisms. Trehalose is a reducing disaccharide sugar consisting of two molecules of glucose (Gorjanc and Vodnik, 2018) . It efficiently stabilizes the dehydrated enzymes, proteins, and lipid membranes, and also protects biological structures from damage (Fernandez et al., 2010) . Trehalose and its precursor (T6P) may serve as osmoprotectants involved in the response of the plant to abiotic stressors such as drought, cold, salinity, and hypoxia (Grennan, 2007) . When it is present in plants at low levels, however, it cannot fulfill that role. It does not accumulate to high levels in plants; therefore, the present work aims at investigating the role of trehalose in enhancing wheat tolerance to NaCl stress through checking the alleviation of the adverse effects of NaCl on growth parameters and some selected criteria related to salinity stress, such as Na, K, RuBisCo, and expression of AOX, NHX1, and SOS1.
Materials and methods

Plant material and growth conditions
The grains of wheat (Triticum aestivum L. 'Misr-1') were surface sterilized by immersing them in 3% (w/v) sodium hypochlorite solution for 10 min and were thoroughly washed and then soaked for 8 h in either distilled water (control) or 10 mM trehalose. After air-drying the seeds, 10 of them were sown in perlite in 13 cm plastic pots placed in 40 × 60 cm trays containing 100% long Ashton nutrient solution and seedlings were allowed to establish for 2 days. The seedlings (control or trehalose-treated) were divided into 4 groups, one as a control group and the others for NaCl treatment at 75, 150, and 225 mM, and distributed randomly into trays containing the relevant nutrient solution under controlled conditions (25/10 °C day/night regime, 60% RH, 10 h photoperiod (as wheat is a short-day crop), and 300 µmol m -2 s -1 photosynthetic photon flux density). The nutrient solution was consistently adapted to the specific volume daily and renewed every 2 days. The experiments were terminated on the 21st day of sowing. At harvest, the plants were carefully removed from the perlite, washed thoroughly with the relevant nutrient solution to remove the perlite, dipped into deionized water, and patted dry between layers of tissues. The plant shoots were separated and weighed for recording the fresh weights, then dried in the oven at 80 °C for 2 days for dry weight measurements and used for subsequent analysis. The second leaves were frozen in liquid nitrogen and stored at -80 °C for measurements of RuBisCo and gene expression.
Determination of lipid peroxidation and H 2 O 2
Lipid peroxides were extracted in 0.1% (w/v) trichloroacetic acid (TCA) and assayed as malondialdehyde (MDA) (Heath and Packer, 1968) . H 2 O 2 was extracted in chilled 0.1% TCA and assayed in a reaction mixture containing 10 mM potassium phosphate buffer (pH 7.0) and 1 M potassium iodide (Alexieva et al., 2001 ).
Determination of reducing power activity and phenolics
The Fe 3+ reducing power of the extract was determined according to Oyaizu (1986) . The extract was mixed with 0.2 M phosphate buffer (pH 6.6) and 1% potassium ferricyanide and incubated at 50 °C for 20 min, and then the reaction was stopped by 10% TCA and centrifuged at 8000 × g for 10 min. The upper layer was mixed with distilled water and 0.1% FeCl 3 and the absorbance was read at 700 nm using ascorbic acid for calibration.
Total phenolics were determined using FolinCiocalteu (FC) assays (Singleton and Rossi, 1956) . After centrifugation at 5000 × g, an aliquot was mixed with FC reagent and left at room temperature for 5 min, and 1.6 mL of 7.5% Na 2 CO 3 was added, vortexed, and allowed to stand for 1 h in the dark at room temperature. The absorbance was read at 765 nm using gallic acid for calibration. 2.4. Determination of Na+ and K+ contents Na + and K + were extracted in ultrahigh purity water (Hansen and Munns, 1988) . The homogenates were heated in a water bath at 95 °C for 1 h. After centrifugation at 5000 × g for 20 min, the diluted supernatants were used to measure Na + and K + contents by flame photometer. 2.5. Determination of total soluble sugars and proline Soluble sugars were extracted in 80% ethanol (Schortemyer et al., 1997) . Aliquots were mixed with anthrone reagent (8.6 mM anthrone in 80% H 2 SO 4 ) and heated for 10 min, then cooled in an ice bath for 30 min, and the absorbance was read at 623 nm (Schlüter and Crawford, 2001) .
Proline was extracted in 3% sulfosalicylic acid (Bates et al., 1973) . After centrifugation at 12,000 × g, an aliquot was reacted with 1 mL of glacial acetic acid and 1 mL of acid ninhydrin (1.25 g ninhydrin warmed in 30 mL of glacial acetic acid) and 20 mL of 6 M phosphoric acid until dissolved for 1 h in a water bath at 100 °C. The red color was extracted in 1 mL of toluene. The chromophore containing toluene was warmed to room temperature and its optical density was read at 520 nm.
Quantification of RuBisCo
For SDS-PAGE of rubisco, the protein was resolved by using the Bio-Rad Mini Protein 3 kit (Bio-Rad Laboratories, Hercules, CA, USA) (Laemmli, 1970) . Acrylamide concentration in the resolving gel was 11% and in the stacking gel it was 5%. Protein (20 µg) was loaded onto each lane. The proteins were resolved at 100 V for 90 min. The gels were stained with brilliant blue R-250 (Bio-Rad) and then destained with 20% methanol, scanned, and used for RuBisCo quantification by measuring the band volumes with Image Studio software v. 3.1.
Quantification of gene expression by semiquantitative RT-PCR
RNA was extracted by using TRI Reagent (SigmaFluka) according to Chomczynski and Sacchi (1987) and the protocol of RNA extraction and treatment were followed according to Badran et al. (2015) . The well-designed forward and reverse primers for AOX were GTGGAAGTGGTCGCTTCAGG and GAGGAACTCGGTGTAGGAGTGG, respectively, whereas those for NHX1 were CCGCTGGGTCAATGAGTC and CATTATGCCAAGTGTAATG and those for SOS1 were CATTTCTGGGAAATGGTTGC and GCCTCCAATGCCTTGTTTAG. The amplified fragment was excised from agarose gel and purified using a PCR gel extraction kit. The RT-PCR reactions were performed as follows: initial denaturation at 95 °C for 3 min followed by 40 cycles for AOX or 35 cycles for either NHX1 or SOS1 of denaturation at 95 °C for 30 s, annealing at 52 °C for 30 s, extension at 72 °C for 45 s, and final extension for 4 min at 72 °C. For semiquantitative analysis, 10 µL of PCR product was collected after 35 and 40 cycles for AOX and after 32 and 35 cycles for either NHX1 or SOS1 before reaching the plateau phase. Total RNA was extracted and forward and reverse primers designed were CGAGTGGAAGTGGTCTTG and GTTGAAGAAGACGCCCTG, respectively, for AOX; CCGCTGGGTCAATGAGTC and CATTATGCCAAGTGTAATG for NHX1; CATTTCTGGGAAATGGTTGC and GCCTCCAATGCCTTGTTTAG for SOS1; and CCACCCATAGAATCAAGAAAGAG and GCAAATTACCCAATCCTGAC for 18S rRNA.
Statistical analysis
The experiment was repeated twice and designed as a completely randomized block consisting of 160 pots [NaCl treatments (4 sets) × trehalose treatments (2 sets) × replications (10) × repetitions (2)]. The mean values (±SD) were determined (n = 3 for RuBisCo and gene expression and n = 3 for all other parameters). All data were first subjected to analysis of variance (ANOVA), followed by the least significant differences (LSD) test at the 5% level.
Results
Treatment of wheat (cultivar Misr-1) with NaCl at concentrations of 75, 150, and 225 mM significantly decreased shoot height, shoot fresh weight, and shoot dry weight ( Figure 1 ). Comparing NaCl treatment to the control, the magnitudes of decrease in shoot height by the three concentrations were about 12%, 21%, and 28%, respectively; however, the decreases in shoot fresh weight were about 34%, 51%, and 59% while those of shoot dry weight were about 22%, 24%, and 39%. Nevertheless, using trehalose at 10 mM for soaking the wheat grains greatly alleviated the effects of NaCl on growth parameters. However, the ability of trehalose to overcome adverse effects of NaCl on shoot height appeared at both low and high concentrations, while this was not the case with fresh and dry weights at higher concentrations. Figure 2 shows that NaCl treatment at 75, 150, and 225 mM led to a significant accumulation of lipid peroxides, reaching about 110%, 213%, and 232%, respectively, in relation to the control values. Similarly, a significant increase of lipid peroxides was detected in H 2 O 2 content, with the concentrations of 75, 150, and 225 mM resulting in increases of about 32%, 36%, and 44%, respectively. Nonetheless, soaking of grains in 10 mM trehalose partially alleviated the effects of all concentrations of NaCl on lipid peroxide accumulation. The effect of NaCl at 150 and 225 mM still remained significant in spite of the trehaloseinduced partial recovery. Thus, there was a great reduction in the amount of the accumulated lipid peroxides. Meanwhile, complete mitigation of H 2 O 2 accumulation in NaCl-treated seedlings was detected following soaking in trehalose, whereby values became close to those of the untreated control.
The results also showed that NaCl significantly decreased the reducing power (as an overview of the total reductants in the plants) in wheat seedlings; the concentrations of 75, 150, and 225 mM led to decreases in the reducing power by about 29%, 48%, and 54%, respectively, in relation to the control values (Figure 2) . On the contrary, phenolic contents were significantly elevated by NaCl, with the concentrations of 75, 150, and 225 mM inducing a significant increase by about 61%, 82%, and 150%, respectively, relative to the control values. Nevertheless, 10 mM trehalose resulted in elevation of the reducing power. Trehalose increased reducing power values by 7%, 21%, and 33% as compared to NaCl-treated only at 75, 150, and 225 mM, respectively. However, such elevation did not counterbalance the effects of NaCl on reducing power. Trehalose also overcame the effects of NaCl at 75 and 150 mM on phenolics content; nonetheless, it did not counterbalance the effects of 225 mM, which still remained significantly higher than the control values. Figure 3 shows that NaCl led to a significant decrease in K content and a significant increase in Na content. The concentrations of 75, 150, and 225 mM NaCl resulted in reductions in K by about 29%, 31%, and 62%, respectively. However, the increases in Na were about 107%, 272%, and 334%, respectively. Moreover, K/Na ratio was greatly decreased by NaCl treatment, the effect being more evident with the increase of NaCl concentration.
Upon using trehalose, the effect of NaCl at 75 and 150 mM on K content became insignificant. However, the concentration of 225 mM still significantly reduced K content as compared to the control despite the slight increases induced by trehalose. On the contrary, Na contents were highly reduced by trehalose; the effects of 75 mM NaCl became insignificant, but the effects of 150 and 225 mM were not overcome by trehalose. Meanwhile, trehalose overcame to a great extent the NaCl-induced decreases in K/Na ratio. There was great recovery from the effects of NaCl on this ratio such that 2-, 3-, and 5-fold improvements were detected in the trehalose-soaked seeds relative to NaCl-only-treated samples with 75, 150, and 225 mM NaCl.
In the same way, NaCl caused a significant increase in soluble sugar contents, the magnitude of the increase being augmented by increasing NaCl concentrations. The soluble sugar contents of samples treated with NaCl at 75, 150, and 225 mM were increased by about 23%, 61%, and 80%, respectively (Figure 4) . Nonetheless, these effects seemed to be reduced by trehalose. Under these circumstances, the effects of all concentrations of NaCl on soluble sugar contents became insignificant. Similarly, NaCl at 75, 150, and 225 mM resulted in a significant accumulation in proline content by about 87%, 93%, and 128%, respectively, as compared to the control values. However, trehalose resulted in great reductions in proline content. In spite of the trehalose-induced reductions in the magnitudes of proline content, the contents were significantly higher than the control values.
In Figure 5 , RuBisCo content is seen to be significantly decreased by NaCl treatments at all concentrations as compared to the control; the inhibition ranged from 58% to 54% relative to the untreated control. The use of trehalose for soaking greatly diminished the decreasing effect of NaCl on RuBisCo content. However, such diminution did not overcome the inhibited RuBisCo that resulted from NaCl treatment. Thus, the content of RuBisCo was still lower than that of the control by about 30% to 32% with the application of trehalose.
As indicated in Figure 6 , the expression of AOX was greatly decreased in wheat treated by NaCl as compared to the control. The effect of all concentrations of NaCl was similar, the magnitude of decreases ranging from 33% to 38% as compared to the control. However, soaking in trehalose showed a pronounced upregulation of AOX expression. After soaking in trehalose, the AOX expression K/Na ratio mM NaCl Figure 3 . Changes in K, Na, and K/Na ratio of 21-day-old seedlings of wheat cultivar Misr-1 grown under NaCl treatment (0, 75, 150, and 225 mM) without or with the presence of trehalose. Values are means of six determinations from two independent experiments. Vertical bars on columns represent SD. All data were first subjected to ANOVA, followed by the LSD test. *: Significantly different at P ≤ 0.05 from the untreated control. SD was not applied to the K/Na ratio because it was obtained by dividing mean values.
values highly increased relative to the values of the NaClonly-treated samples and became comparable to that of the control.
The expression of NHX1 was also downregulated as a result of NaCl treatment at all concentrations, the magnitude of downregulation reaching about 36% to 45% as compared to the control values ( Figure 6 ). Nonetheless, soaking seeds in trehalose led to a slight upregulation in NHX1 expression levels at different salt concentrations relative to the respective NaCl-only-treated plants. The NaCl-induced downregulations were partially overcome by trehalose. Under these circumstances, NaCl still induced downregulations of NHX1 expression in spite of the trehalose-induced upregulations.
The transcript level of SOS1 was most likely affected by NaCl at all concentrations as compared to control samples; all concentrations of NaCl induced from 9% to 13% downregulation (Figure 6 ). On the contrary, soaking seeds in trehalose induced a great upregulation relative to that detected in the NaCl-treated samples.
Discussion
Crop plants such as wheat are either salt-sensitive or hypersensitive, having low resistance/tolerance to salt stress. As shown in the present study, NaCl caused a significant reduction in wheat growth parameters. Such reduction may be due to the decreased availability of water and/or the toxicity of Na + and Cl -ions. In addition, salinity causes an overproduction of ROS, which causes damage for lipids, proteins, and DNA. In the current study, lipid peroxides and H 2 O 2 were greatly enhanced by NaCl. H 2 O 2 plays a dual role in plants; it causes oxidative stress at high concentrations but it also acts as a signal molecule involved in adaptation to various forms of biotic and abiotic stresses at low concentrations. Plants exposed to various forms of abiotic stress, including salinity, exhibit increased concentrations of H 2 O 2 and lipid peroxides (Nemat Alla et al., 2014a , 2014b Kong et al., 2017) . These reports are in consistence with the increased levels of H 2 O 2 and lipid peroxidation detected in the present study. These increases point to an elevation in oxidative stress indices under salinity stress, indicating that the defense system is not sufficient in its present form, so plants might need exogenous supporters to withstand the harsh conditions. In the present study, soaking wheat grains in trehalose decreased the levels of H 2 O 2 and lipid peroxides. Therefore, it could be concluded that trehalose could alleviate the salt-induced cellular ROS to modulate plant salt responses. In addition, polyphenols have an important role in plant responses to stress. The synthesis and accumulation of polyphenols are generally stimulated in response to abiotic stresses, including salinity (Parida and Das, 2005) . These findings are in accordance with the results of the present study, where the application of trehalose increased the phenolic compounds in wheat grown under NaCl stress. Ibrahim and Abdellatif (2016) also showed that trehalose led to a significant increase in phenolic compounds in wheat plants under water stress. These compounds are involved in ROS scavenging through the antioxidative enzymes that use polyphenols as substrates (Sgherri et al., 2003) . The increase in phenolic compounds by trehalose might be attributed to the efficiency of trehalose in enforcing plants to activate the synthesis of antioxidants for scavenging ROS to withstand stress conditions (Ibrahim and Abdellatif, 2016) . NaCl increased Na + accumulation but decreased K and the K/Na ratio. These findings obviously confirm the impairment of ionic balance by NaCl. The present results show that K + content and K/Na ratio were significantly elevated in trehalose-soaked wheat samples grown under saline conditions. These results could indicate that trehalose metabolism in plants responded to salinity by controlling the mineral balance. In confirmation of this, Garg et al. (2002) stated that transgenic plants with improved trehalose levels were reported to maintain a higher selectivity level for the uptake of K + over Na + and were more salt-tolerant under the intermediate salt conditions. On the other hand, salinity can induce a significant accumulation of compatible solutes. They are a variety of nontoxic small organic metabolites such as proline and soluble sugars. They can protect plants from a variety of stresses through contributions to cellular osmotic adjustment, protection of membrane integrity, acceleration (Hasegawa, 2013) . Proline accumulates under stress and is correlated with osmotic adjustment to improve plant tolerance to salinity (Wingler et al., 2012) . As proline increased in the present study concomitant with increases in soluble sugars under salt stress, this could confirm that the accumulation of proline is relatively dependent on soluble carbohydrate levels and both of them are important for plants as osmoregulators and osmoprotectants. The role of carbohydrates in proline accumulation is to supply precursors for the stimulated proline synthesis. Therefore, trehalose could regulate the production of proline and soluble sugars as well as phenolics, Na, and K concomitant with amelioration of growth characteristics (Wingler et al., 2012) . Therefore, these findings could support that phenolic compounds, proline, and soluble sugars are implicated as mediators included in the salt tolerance mechanisms for wheat. Thus, the increases in soluble sugars and proline could support their essentialities as osmoregulators during salt stress. Moreover, the degradation of RuBisCo enzyme was observed during abiotic stress (Feller et al., 2008) . RuBisCo is regarded as the key enzyme for carbohydrate formation. Thus, the accumulation of carbohydrates plays a key role in alleviating salinity stress, either via conferring some desiccation resistance to plant cells or by osmotic adjustment. NaCl treatment decreasing the content and specific activity of RuBisCo might be due to changes in polypeptide profiles of proteins (Nemat Alla et al., 2014a , 2014b Badran et al., 2015) . The soaking of seeds in trehalose could overcome the effects of salinity on protein with a subsequent enhancement in content and activity of the enzyme. In addition, trehalose participated in the upregulation of some essential genes related to NaCl stress, confirming its involvement in increasing the tolerance of wheat to salinity. In this context, Nounjan et al. (2012) stated that plants grown under stress that received trehalose treatment showed a strong upregulation of gene expression. They reported that the changes in the transcript levels of genes encoding antioxidant enzymes in most cases did not coincide with the increase/decrease in activities of the corresponding enzymes. On the other hand, Garcia et al. (1997) indicated the positive roles of the exogenous application of trehalose on reversing the adverse effects of salt stress in rice grown in tissue culture systems. Nounjan et al. (2012) also reported that exogenous application of trehalose promoted a stronger ability of plants to recover from stress.
AOX expression was upregulated by trehalose concurrently with retardation of the accumulated lipid peroxides and H 2 O 2 as well as increased phenolics content. This could suggest that it is an attempt to overcome this oxidative stress status (Shalaby and Horwitz, 2015) . The present results confirm the relationship of trehalose with the upregulation of AOX transcription level. Trehalose also highly upregulated NHX1 expression, and such upregulation was in conjunction with a recovery in growth reduction and mitigation in the decreases of K and K/Na ratio. These findings could suggest that NHX1 could be attributed to the alleviation of Na + toxicity. On the other hand, the upregulation of SOS1 seemed synchronous with a significant decrease in Na + content that coincided with increases in K and K/Na ratio and growth parameters, indicating that SOS1 could contribute to plasma membrane Na + /H + exchange to play a role in salinity tolerance. Feki et al. (2017) suggested that SOS1 plays a crucial role in response to oxidative stress. In this context, Shi et al. (2003) indicated that the SOS1 mutant plants accumulate more Na + and the overexpression of SOS1 reduces the accumulation of Na + and improves salinity tolerance. SOS1 catalyzes Na + efflux across the plasma membrane, resulting in a reduction in its harmful effects on cellular metabolism, and directly signals to a putative K + transporter and therefore was proposed to be necessary for safeguarding the permeability of K + through the plasma membranes during salinity stress. The accumulation of Na + in the cytosol due to less efficient sequestration into vacuoles or exclusion to the apoplast would inflect inhibitory effects on various metabolic processes with a subsequent growth of inhibition.
Thus, the vacuolar Na + /H + antiporter activity is crucial for plant salt tolerance (Shi et al., 2003; Brini et al., 2005; Badran et al., 2015; Feki et al., 2017) . Moreover, lowering Na by trehalose as well as mitigation of the decrease in K and K/Na ratio synchronous with recovery in growth reduction may emphasize the alleviating role of trehalose by stimulating NHX1 and SOS1 expression. This could support the role of trehalose in reducing the harmful effect of salt stress by the stimulation of both genes. Thus, trehalose is able to restrict the transportation of Na + , alleviating the salt-induced ROS and the programmed cell death process with the aid of AOX. The findings of enhanced expression of AOX, NHX1, and SOS1 concomitant with the regulation of proline and soluble sugars could signify the osmoprotective effects of trehalose.
In conclusion, NaCl treatment decreased the growth parameters and reducing power activity but greatly accumulated lipid peroxides and H 2 O 2 . These results confirm the relationship between the impacts of salinity and ROS production. In addition, NaCl led to huge increase of Na content; the contrast was detected for K and K/Na ratio. Moreover, RuBisCo was greatly decreased by NaCl, revealing a trend of senescence. In order to cope with the unsuitable conditions, wheat plants increased phenolic compounds, soluble sugars, and proline, revealing their protective roles against salinity for the adaptation process. Trehalose overcame the effects of NaCl on growth parameters, Na, K, K/Na ratio, phenolics, RuBisCo, and the expression of AOX, NHX1, and SOS1.
